ABSTRACT The relationship between Irish potato tuber yield, So/anum tuberosum L., and defoliation by the Colorado potato beetle, Leptinotarsa decem/ineata (Say), was investigated and the use of regression and mean separation analyses as a basis for developing economic injury levels were compared. The type of statistical analysis used to describe this relationship greatly affected the interpretation of data. Mean separation (=multiple-comparison) procedures were inadequate to detect accurately defoliation levels tolerated by potato, because these procedures did not have significant statistical power to detect small reductions in yield. Similarly, regression analyses failed to identify a level of defoliation tolerable to potato because a consistent biological relationship between yield and defoliation could not be determined. For example, a quadratic term (nonlinear) in the analysis of variance was significant in only 2 of 8 experiments, and the relationship between 'Atlantic' and 'Superior' yield and defoliation in these experiments was concave, indicating that yield losses were greatest at low levels of defoliation. A plateau model (nonlinear) suggested that Atlantic potato could tolerate low levels of defoliation (1.8-13% in 4 of6 data sets), but it did not fit data for the variety Superior. Although a negative linear model provided a statistically significant fit to 7 of 8 data sets (average slopes [±SEM] for Atlantic and Superior were -0.12 ± 0.01 and -0.15 ± 0.03 T/ha per the percentage of defoliation, respectively), it is likely that a linear model underestimates the actual level of defoliation that potato can tolerate, especially at low levels. The implications of these findings for the development of economic injury levels and economic thresholds for the Colorado potato beetle on potato are discussed.
ECONOMIC
INJURY LEVEL'> and economic thresholds are key components in decision-making for arthropod pest management (Poston et al. 1983, Pedigo and Higley 1992) . Stern et al. (1959) defined the economic injury level as the lowest population density that will cause economic damage; and the economic threshold as the density of the pest population at which a control decision should be made to prevent damage from reaching this density. Developing an economic injury level and economic threshold requires knowledge of the market value of the crop, cost of managing the pest, and the crop yield response to pest density or damage. Understanding the relationship between crop yield and damage provides a biological foundation for the economic injury level model (Pedigo et al. 1986) .
Crop yield responses to arthropod damage have been discussed extensively (Poston et al. 1983, I Virginia Polytechnic Institute and State University, Eastern ShoreAgriculturalResearchand ExtensionCenter, 33446 Research Drive, Painter, VA23420. Pedigo et al. 1986 , Pedigo 1989 . Poston et al. (1983) categorized these 3 responses into the following: (1) susceptive response is a negative linear response to damage, (2) tolerant response is a sigmoidal response to damage that includes a plateau region at low damage levels, and (3) overcompensatory response is a sigmoidal response to damage that includes a slight increase in yield at low damage levels. Researchers have described the crop yield/ damage relationship using regression and mean separation (=multiple-comparison) analyses. Regression analyses have been used to identify linear or nonlinear relationships between yield and damage, whereas mean separation analyses have been used to identify damage levels at which yields are not reduced. In mean separation analyses a tolerant or overcompensatory response is assumed when yield differences among low damage levels are not declared significant. Despite controversy over the appropriate use of mean separation procedures (=multipleused statistical approach for determining the tolerance level of Irish potato, Solanum tuberosum (L.), to defoliation (Cranshaw and Radcliffe 1980 , Wellik et al. 1981 , Ferro et al. 1983 , Shields and Wyman 1984 , Zehnder and Evanylo 1989 , Zehnder et al. 1995 . However, a few investigators (Senanayake and Holliday 1990, Nault et al. 1995) have used re!l;ression analysis to describe the yield response of potato to defoliation and to potato beetle density (Mailloux et al. 1991 (Mailloux et al. , 1995 .
The Colorado potato beetle, Leptinotarsa decemlineata (Say), is the principal defoliator of Irish potato in North America (Hare 1990) . In North Carolina, it is the only pest that defoliates potatoes and the highest levels of defoliation occur consistently during the bloom stage. The effect of defoliation on tuber yield has been shown to vary dramatically with the phenological stage of the potato plant. In general, potato plants seem least susceptible to yield loss when defoliated very early or late in the season (Hare 1980 , Ferro et al. 1983 ). Hare (1980) and Zehnder and Evanylo (1989) demonstrated that potato plants could withstand very high levels of defoliation within a few weeks before harvest without a significant yield reduction. Most studies have shown that potato plants are least tolerant of defoliation during or near the bloom stage (Hare 1980 , Cranshaw and Radcliffe 1980 , Wellik et al. 1981 , Ferro et al. 1983 , Shields and Wyman 1984 , Dripps and Smilowitz 1989 , Senanayake and Holliday 1990 . However, Zehnder and Evanylo (1989) and Zehnder et al. (1995) reported that 'Superior' potatoes were most sensitive to yield loss when defoliated (20%) during the prebloom stage.
Based on a failure to detect significant differences in tuber yields among experimental treatments differing in levels of defoliation using mean separation procedures, thresholds have been determined to be the maximum level of defoliation in which the corresponding yield did not differ significantly from the yield of the nondefoliated control. Using this criterion, defoliation-based thresholds during bloom for potato have been reported to be as high as 30% for the cultivar Superior in Virginia (Zehnder et al. 1995) and as low as 10% for Superior and 'Russet Burbank' in Wisconsin (Shields and Wyman 1984) .
In contrast, other research has shown a lack of tolerance by potato to defoliation during bloom (Senanayake and Holliday 1990, Nault et al. 1995) . Senanayake and Holliday (1990) reported a negative linear response between yield of 'Norland' tubers and defoliation by the Colorado potato beetle during bloom in Manitoba. However, because their experimental unit was a single plant, their study failed to account for the possibility that less damaged neighboring plants might compensate for yield losses by more heavily damaged plants (Entz and LaCroix 1984, Rex et al. 1987) . Nault et al. (1995) investigated this possibility in 'Atlantic' potato and found that nondefoliated potato plants did not compensate for reduced tuber yield by adjacent plants defoliated during the bloom stage.
Because the conclusions regarding the ability of potato to tolerate defoliation may be influenced by the statistical approach (regression versus mean separation analyses), the objectives of this research were to determine the response of potato tuber yields to defoliation by Colorado potato beetles during the bloom stage, and to compare conclusions based on regression analyses (e.g., non linear and linear) and mean separation procedures. Additionally, 8 data sets from 3 previously published studies, which determined defoliation tolerance levels for potato using mean separation analyses, were reexamined using nonlinear and linear regression.
Materials and Methods
Two studies were conducted in 1991 and 3 were conducted in both 1992 and 1993. All were conducted at the Tidewater Research Station in Washington County, North Carolina, except for the 1991 Atlantic yield experiment 2, which was conducted in Carteret County, North Carolina. Soil types at the Washington and Carteret County sites were a Portsmouth loam soil and a Deloss fine sandy loam, respectively. Atlantic and Superior, the most commonly grown cultivars in eastern North Carolina, were used. Because we were not interested in characterizing cultivar X defoliation interaction effects on yield, separate experiments were conducted for Atlantic and Superior.
Atlantic Yield Experiments. Seed pieces of Atlantic potato were planted on 26 March and 4 April 1991 (experiments 1 and 2, respectively), 16 March 1992 , and 25 March 1993 . Seed pieces in 1992 were treated with captan (0.45 kg/45.4 kg of seed) and planted at 0.23 m within-row spacing; in 1991, plant spacing was 0.3 m. Plots were single rows (each 6.1, 7.6, 9.1, and 9.1 m long in experiments 1991 [1], 1991 [2], 1992, and 1993, respectively) with 2 planted guard rows on each side. Row spacin!l; was 0.97 m. Plots were separated within rows by a 1.52-m gap in which a red-skinned cultivar, either 'Red Pontiac' or Norland, was planted so the plots could be distinguished at harvest.
Studies in 1991 had 8 target levels of defoliation (0, 3-9, 9.5-17, 17.5-27, 27.5-38, 38.5-50, 50.5-62, and 62.5-73%) . Experiment 1 in 1991 was arranged in a completely randomized design replicated 3 times (total of 24 plots), whereas experiment 2 in 1991 had the same 8 target levels of defoliation arranged in a randomized complete block design replicated 4 times. In experiment 2, each target level of defoliation was triplicated within each block (total of 96 plots). Defoliation and harvest procedures for all experiments are described below. Experiment 1 in 1992 had 5 target levels of defoliation (0,0 .. 5-3, 3.5-9, 9.5-17, and 17.5-27%) arranged in a randomized complete block design with 6 replications. Each target level of defoliation was triplicated within each block (total of 90 plots). Experiment 2 in 1992 had 6 target levels of defoliation (0, 0.5-3, 3.5-9, 9.5-17, 17.5-27, and 27.5-38%) arranged in a ran-Ft'llfllary 1998 NAULT AND KENNEDY: DESCRIBING YIELD RESPONSE TO DEFOLIATION 9 domized complete block design replicated 8 times (total 48 plots). Experiment 1 in 1993 included thẽ am{' 6 target levels of defoliation arranged in a randomized complete block design replicated 6 times and each target level of defoliation was triplicated within each block (total of 108 plots). Experiment 2 in 1993 had 5 target levels of defoliation (0.0.5-3,3.5-9,9.5-17, and 17.5-27%) arranged in a randomized complete block design replicated 5 times (total of 25 plots).
During 1991, plots in experiment 1 received 572 kglha of (10:10:10, N:P:K) fertilizer before planting and 560 kg/ha of (15:0:14, N:P:K) on 14 May, wlwreas the test site for experiment 2 was fertilized in early May at rates appropriate for commercial potato production in the region. Plots in 1992 rec{'ived 818 kg/ha of (17:17:17, N:P:K) fertilizer before planting and 163 kg/ha of (34:0:0, N:P:K) fertilizer on 14 May. Plots in 1993 received 701 kg/ha of (17:17:17. N:P:K) fertilizer before planting and 163 kg/ha of (34:0:0, N:P:K) fertilizer on 11 May.
In 1991, weeds were controlled in experiment 1 with 1 application of metolachlor at 2.24 kg (AI) I ha and metribuzin at 1.12 kg (AI) I ha on 12 April, whereas weeds were controlled in experiment 2 by cultivation. Foliar diseases were managed in experiment 1 with applications of mancozeb at a rate of 0.91 kg/378 liter of water on 10 and 30 May, and 10 June. and in experiment 2 by 1 application of benomyl at 1.12 kg (AI) Iha on 10 June. In 1992, weed control was achieved by a preemergence application of metribuzin at 1.12 kg (AI) Iha on 15 April. In addition. chlorothalonil at 0.59 kg (AI) Iha was appli{,d as a foliar spray for disease control on 13 and 22 May. In 1993, metribuzin was applied at 1.05 kg (AI) I ha on 15 April for weed control, and chlorothalonil was applied at 0.59 kg (AI) Iha on 13 and 27 May for control of foliar diseases.
European corn borer, Ostrinia nubilalis (Hubner), infestations were managed in plots using 1 foliar application of acephate (Orthene 75 S [solid], 1.12 kg [AI] Iha, Valent, Walnut Creek, CA) in early May 1991 (experiment 1). Because the infestation was very low «10% infested stems) in experiment 2, no control measure was applied. In 1992 and 1993, European corn borer infestations were managed with 1 application of acephate at 0.56 kg (AI) I ha in early May. Acephate applications did not affect the timing or level of defoliation by Colorado potato beetles.
Superior Yield Experiments. Seed piece treatment, seed piece spacing, planting dates, and plot size were identical to those described in the 1992 and 1993 Atlantic yield experiments. The experiment in 1992 had 6 target levels of defoliation (0, 0.5-3.3.5-9,9.5-17,17.5-27 , and 27.5-38%) arranged in a randomized complete block design replicated 8 times (total 48 plots). The experiment in 1993 was similar except that the 27.5-38% defoliation level was excluded, and there were only 5 replications (total of 25 plots). Plots in both experiments received the same cultivation practices, were treated with acephate to manage European corn borer, and were harvested and graded on the same dates as those in the other 1992 and 1993 experiments.
Defoliation and Harvest Procedures. Because a range of Colorado potato beetle densities was needed to achieve desired levels of defoliation, natural populations of overwintered Colorado potato beetles were permitted to colonize the test site. This occurred during late April and early May, when plants were 10-20 cm tall. Defoliation peaked during bloom in late May through early June. Levels of defoliation before bloom were monitored in each plot, but never exceeded an average of 1-2% per plot. Colorado potato beetle densities were manipulated by adding additional Colorado potato beetle adults and small larvae to certain plots to achieve a range of plant damage. Within a 4-d period during bloom, further insect damage was terminated in all plots using insecticides, regardless of whether or not the target level of defoliation for a certain plot was reached. In all cases, these applications, which were made using a CO 2 -pressurized, backpack sprayer equipped with a 3-nozzle (D-3 disk/25 core hollow cone) single-row boom calibrated to deliver 250 liters of solution per hectare at 275.7 kPa, prevented further defoliation.
Twice weekly, visual estimates of defoliation in either a 1.83-m section of each plot that best represented the average defoliation of the entire plot (experiments in 1991) or in four 2.3-m sections in each plot (experiments in 1992 and 1993) were recorded. Defoliation estimates were based on a weighted, pretransformed rating scale that divided 90°into 13 defoliation categories corresponding to arcsine transformation values, each represented as a percentage (e.g., 3-9%) (Little and Hills 1978) . The midpoint of the category was then assigned to each estimate (e.g., 6% for 3-9% defoliation class). This defoliation rating in our plots was assigned based on a comparison of defoliation in our plots with photographs of potato plants with known levels of defoliation by Colorado potato beetles, each of which corresponded to 1 of the 13 defoliation categories (Zehnder et al. 1995) . Plots were harvested with a I-row digger, and tubers were graded as either U. 1993) , respectively, whereas the number used in the analyses of the Superior yield experiment were 34 and 14 for the 1992 and 1993 experiments, respectively. The defoliation estimates recorded at the time defoliation was terminated in each plot (i.e., during bloom) were used in the analyses. In the 1991 experiments, the midpoint of the single defoliation estimate for each plot was used in the analyses. In all 1992 and 1993 experiments, the midpoints for each of the 4 defoliation estimates in each plot were averaged, and the resulting mean was used in the analyses. Data in all experiments were subjected to an analysis of variance (AN OVA) using a general linear model (PROC GLM) to identify significant treatment effects (P~0.05) (SAS Institute 1990) . If the model statement for a given data set was significant (P < 0.05), regression analyses, which included a plateau model (PROC NLIN), quadratic and other higherorder polynomial models (PROC REG), and a simple linear model (PROC REG), were used to identify the relationship between tuber yield and defoliation. Because many of the defoliation levels were replicated in the 1991 data sets, a lack of fit to the quadratic term was included in the ANOVA. Additionally, data in all experiments were analyzed using mean separation analysis. The procedure used to assign specific plots to defoliation classes was similar to that used by other investigators who used mean separation procedures to analyze their results (Ferro et al. 1983 , Zehnder et al. 1995 . Because each plot was assigned a specific defoliation rating, plots with a mean defoliation value that fell within 1 of the defoliation ranges were assigned to a defoliation class represented by the midpoint of that range (e.g., if the mean defoliation value for a plot was 10%,it would be within the range of 9.5-17%, and would be assigned to the 13% defoliation class). These defoliation classes (1.5,6,13, 22, 32.5, 44, 56 , and 67.5%) then were considered as experimental treatments and were subjected to ANOVA with mean separation by the Fisher protected least significant difference (LSD) (P~0.05; PROC GLM; SAS Institute 1990). The Fisher protected LSD was chosen because it was the most conservative test for unbalanced data (i.e., more conservative tests such as the Dunnett and Bonferroni inequality tests require balanced data sets). Only defoliation classes that had ;:::2 replications were analyzed. 1 tuber yields from undamaged plots varied substantially each year, but they were within the range typical for this growing region (NCDA 1993 (NCDA , 1995 . The quadratic (defoliation X defoliation) and lack of fit terms in the ANOVA did not account for a significant portion of the total variation in tuber yield in the 1991 experiments (Table 1 ). In the 1992 Atlantic yield experiment 1, the quadratic term was significant in the analysis of total marketable tuber yield, but the curve generated using nonlinear regression was concave (F = 16.51; df = 2, 65; P = 0.0001; y = 31.62 -0.30x + 0.004x 2 ; R 2 = 0.34), indicating that yield losses were greatest at low levels of defoliation. Similarly, in the 1993 Superior yield experiment 2, the quadratic term was significant in the analysis of U.S. No.1 and total marketable tuber yield, but both curves were concave (U.S.
No.1, F = 7.81; df = 2, 11; P = 0.0078; y = 9.41 - 36 and 0.35 (1993 [1] ) for the plateau and negative linear models, respectively). A plateau model did not fit data from the 1992 Atlantic experiment I (Fig. 2A) . A negative linear model provided a significant fit to data in 5 of6 experiments and slopes of the regression lines for each of these experiments were -0.12, -0.10, -0.15, -0.10, and -0.12 T /ha per the percentage of defoliation in the 1991 (1),1991 (2),1992 (1),1992 (2), and 1993 (1) (1), 3.14 (59) and 3.25 (59); and 1993 (2).4.44 (9) and 4.50 (9). respectively. MSE (+degrees of Freedom) for Superior yield of U.S. No. I and marketable tubers were as follows: 1992, 4.82 (24) and 5.10 (24); and 1993, 1.59 (7) and 1.88 (7), respectively.
(1]), 12 (1992 [2] ), 35 (1993 [1]), and 20% (1993 [2] ). In contrast, both plateau and linear models predicted a U.S. No.1 tuber yield loss at these levels of defoliation (Table 2) .
Superior Yield Experiments. Defoliation significantly decreased total yields of marketable tubers and yield of U.S. No. 1 tubers in 1992 and 1993 (Table 1 ; Fig. 4 A and C) . The relationship between tuber yield and defoliation was described only by a negative linear model, and the slopes of these regressions were -0.12 and -0.18 T/ha per the percentage of defoliation in 1992 [ Fig. 4A ] and 1993 [ Fig. 4C ], respectively.
Mean separation analysis indicated that mean yield of U.S. No.1 tubers from the 6% defoliation class in 1992 was not significantly different from the nondefoliated control, suggesting that Superior potato could tolerate at least 6% defoliation during bloom (Fig. 4B) . In 1993, none of the tuber yields from the defoliation classes (6 and 22%) differed significantly from the nondefoliated control, indicating that Superior potato could tolerate at least 22% defoliation during bloom (Fig. 4D) . Coefficient of variation values for yield of U.S. No.1 tubers from nondefoliated plots in these experiments were 7 and 11%, respectively. In contrast, linear models predicted U.S. No.1 Superior tuber yield losses at these defoliation levels (Table 2) .
Discussion
Analysis of the potato tuber yield response to defoliation by Colorado potato beetles using regression and mean separation analyses can lead to very different conclusions and to the establishment of very different economic injury levels. Using regression, 4 out of 8 of our data sets were described by a plateau model, but this model did not account for substantially more of the total variation in yield than a negative linear model. Additionally, the level of Perhaps, for this reason, many researchers have assumed that potato can tolerate considerable defoliation during bloom, and have used mean separation analyses to determine tolerance levels (see introduction).
There are limitations associated with the use of mean separation analyses to describe crop yield response to defoliation, which are also problematic. For example, the biological relationship between yield and defoliation cannot be fully understood using mean separation procedures, because such an approach tests only for effects of selected levels of the independent variable (defoliation) on the de- • , , p£'ndent variable (yield). Second, because mean s{'paration analysis considers the independent variabl£' to be qualitative, rather than quantitative, and ignores spacing (e.g., percentage) between levels of this variable, the response of the dependent variable to the independent variable cannot be estimated with certainty (Swallow 1984 , Perry 1986 ). Finally, tIlt' statistical power of mean separation procedures for determining differences among means is often weak. For example, 84 replications are needed to detect a 5% difference in yield between 2 mean defoliation classes (e.g., 0 and 10%defoliation), 90% of the time, given a significance level a = 0.05 and u coefficient of variation = 10% (see Sobl and Rohlf 1969), Published evaluations of the relationship between potato yield and defoliation typically have been based on 4 to 16 replications and have had coefficients of variation ranging from 10 to 34% (Shields and Wyman 1984, Zehnder et al. 1995) . These coefficients of variation were similar to those in our study, Therefore, in the presence of high variation and limited replication, failure to detect a significant difference in yield, when a difference truly exists, leads to the erroneous conclusion that potato can tolerate a given level of defoliation.
Categorizing defoliation values into classes, which is necessary before mean separation analysis can be used, can be a major source of experimental variation. For example, broad defoliation classes often are assigned to plants (e.g., 1-20, 21-40, ... 81-100%) (Zehnder et al. 1989 ) before mean separation analyses are used to compare classes. In this example, a plant that has 2% defoliation would be assigned the same defoliation class as a plant that has 19% defoliation. Because each defoliation class encompasses a broad range of defoliation levels, the difference in tuber yield associated with levels of defoliation within each defoliation class will appear as random variation in yield in the statistical analyses, and will make the detection of small differences in yield between defoliation classes impossible.
Because of the limitations of mean separation procedures for accurately determining tolerance of potato to defoliation, we further evaluated the generality of linear and nonlinear models to describe the relationship between yield and defoliation in a total of 8 data sets in 3 published studies. We selected these studies because they included estimates of the variance associated with mean tuber yields in undamaged control plots. We subjected published defoliation treatment means to nonlinear (plateau model) and linear regression analysis using the procedures mentioned previously.
Only data sets in which the model statement was significant (P < 0.05) were analyzed using regression. able to analyze the original complete data sets. Coefficient of determination (R 2 ) values for significant regressions from these published studies were much higher than those observed in our data because defoliation treatment means were used in the regression rather than individual defoliation treatment values, which were unavailable to us.
Zehnder and Evanylo (1989, their table 4) reported that Superior potato could tolerate up to 40% defoliation during early bloom (Fig. 5 A and C) and mid-to postbloom (Fig. 5 B and D) without yield loss. However, the interpretation of some of their 1986 data ( Fig. 5 A and B) changed when subjected to nonlinear regression analysis. A plateau model, which only fit the 1986 data, suggested that Superior potato could tolerate up to 7 and 40% defoliation during early bloom and mid-to postbloom, respectively (Fi~. 5 A and B). The 95% CIs for these levels of defoliation were large (-29-43% [bloom] and -3-83% [mid-to postbloom]. The plateau model accounted for the same proportion of total variation in potato yield as a negative linear model for the bloom data (R 2 = 0.96 for both models [ Fig. 5A] ), but the plateau model (R 2 = 0.88) accounted for 15% more of the total variation in yield than the linear model (R 2 = 0.73) for the mid-to postbloom data (Fig. 5B) .
Slope of the linear regression between marketable tuber yield and defoliation during early bloom (1986 = -0.23) was greater than the slopes for Superior in our study (-0.12 and -0.18 T fhaper the percentage of defoliation), but the slope of the linear regression between marketable tuber yield and defoliation during mid-to postbloom (1986 = -0.18 T f ha per the percentage of defoliation) was similar to the slopes for Superior in our study. Significant relationships between yield and defoliation could not be identified by subjecting the 1987 data to regression analysis (Fig. 5 C and D) .
The coefficients of variation in tuber yield for nondefoliated plants were 22.3 and 27.9% in 1986 and 1987 , respectively. Given these variances and the number of replications used (n = 8 and 16 in 1986 and 1987, respectively), the maximum tuber yield that would have been declared significantly different from the nondefoliated control would have been 16.7 Tfha in 1986 and 10.3 Tfha in 1987 (see Sokal and Rohlf 1969) . These tuber yields correspond to maximum defoliation levels of >40% (see Fig. 5 ).
Zehnder et al. (1995, their tables 2 and 5) conducted studies similar to those in Zehnder and Evanylo (1989) , and revised downward from 40 to 30% the level of defoliation that Superior potato could withstand during the bloom stage (Fig. 6 A and B) . Our regression analysis indicated that the 1989 U.S. No.1 tuber yield decreased as defoliation increased, but the significance level was marginal (P = 0.0568) (Fig. 6A) . The relationship was described by a plateau model, which suggested that Superior potato could tolerate 21% defoliation during bloom without yield loss. The 95% CI at this level of defoliation was extremely large (-60-102%) , but the plateau model accounted for 11% more of the total variation in yield than the negative linear model (Fig. 6A) . Because there were no defoliation treatments between o and 31%, results provided by this model may be inaccurate.
The slope of the linear regression line for the Zehnder et al. (1995) 1989 data (-0.30 T/ ha per the percentage of defoliation [ Fig. 6A ]) was higher than that obtained in the reanalysis of 1986 data for Superior potato in Zehnder and Evanylo (1989) (-0.23 and -0.18 Tfha per the percentage of defoliation [ Fig. 5 A and B , respectively] ), and in our study (-0.12 and -0.18 T fha per percentage defoliation [ Fig. 4 A and C, respectively] ). A significant relationship between yield and defoliation was not identified in a regression analysis of the 1990 data (Fig.6B) .
The coefficients of variation in tuber yield for the Zehnder et al. (1995) non defoliated plots were 13. 1 and 33.7% in 1989 and 1990, respectively . Given these variances and the number of replications used (n = 4), the maximum U.S. No.1 tuber yield that would have been declared significantly different from that of the non defoliated control would have been 17.6 and 2.1 T/ ha in 1989 , respectively (see Sokal and Rohlf 1969 . Shields and Wyman (1984, their tables 1 and 2) reported a threshold of 10% defoliation during bloom for Russet Burbank and Superior (Fig. 7 A  and B) . Our regression analysis indicated that only a negative linear model described the relationship between tuber yield and defoliation in Russet Burbank (Fig. 7A) , and the slope of the regression line (-0.13 T Iha per the percentage of defoliation) was similar to those in our study. No relationship between yield of Superior tubers and defoliation could be identified using regression (Fig. 7B) .
The coefficient of variation values in marketable tuber yields for the non defoliated control plots of Russet Burbank and Superior were 13.2 and 9.6%, respectively. Given these variances and the number of replications used (n = 8), the maximum marketable tuber yield that would have been declared significantly different from that of the nondefoliated control was 33.9 and 35.7 T/ha for Russet Burbank and Superior, respectively (see Sokal and Rohlf 1969) .
High coefficients of variation in marketable tuber yield from nondefoliated plots coupled with relatively low coefficients of determination for significant regressions of the tuber yield/ defoliation relationships indicate that factors other than defoliation strongly affected tuber yield in our studies and in those reexamined here. These unknown sources of variation, which may vary from year to year and site to site within a year, are likely to be at least as important in determining tuber yields as relatively small differences in defoliation. Further, this variation makes it extremely difficult, if not impossible, to develop a relatively simple, robust description of the relationship between low levels of defoliation and tuber yields.
Considerations for Deve]oping Economic Injury Levels and Economic Thresholds. The kind of data analysis used to determine the effect of defoliation on yield can have important consequences for the economic returns from a crop as well as for pesticide use patterns. For example, depending on the particular experiment, results from our mean separation analyses indicate that no yield reduction, and hence no economic loss, would occur if defoliation levels during bloom are maintained below 6 to 44% for Atlantic or from 6 to 22% for Superior (Figs.  1-4) . In contrast, results from our linear and nonlinear regression analyses indicate significant yield, and hence economic losses would occur even at very low levels of defoliation. Based on the average slopes of our negative linear models (-0.12 and -0.15 T/ha per the percentage of defoliation for Atlantic and Superior, respectively), and an average yield (20.0 T/ha) and market value ($140/T) for U.S. No.1 potato tubers in North Carolina (averages from 1990 to 1994 [NCDA 1993 [NCDA , 1995 by allowing defoliation to reach 6 or 44%, respectively.
Economic injury levels and economic thresholds typically are used to make pest management decisions over a broad range of conditions. Hence, they should be based on an analytical approach or model that is biologically realistic and consistently describes the relationship between yield and defoliation. For Colorado potato beetle defoliation on potato, our analyses indicate that neither mean separation analysis nor plateau or linear models meet these criteria. A plateau model fit only half of our data sets (4 of 8) and, in most cases, did not account for more total variation in yield than a negative linear model. Additionally, the level of defoliation that a plateau model indicated potato [1995] ). Linear (-) and nonlinear regression (-), and mean separation analysis were used to describe this relationship. Defoliation was terminated during 1st bloom to late bloom in 1989 (A) and 1990 (B) . Yield declined as defoliation increased in A, although this trend was only marginally significant (F = 16.14; df = 1,2; P = 0.0568). Therefore, the plateau model fails to meet the criterion of consistt:>ncy. Although a negative linear model fit the data more consistently (7 of 8 data sets), it almost certainly overestimates the effects of low levels of defoliation on yield and therefore is not likely to be biologically realistic. The extent to which departure from biological realism is important in the real world of pest management decision making depends on a number of factors including economic, environmental, human health, and insecticide resistance risks associated with managing a pest to prevent yield loss, as well as the risk aversion level of the farmers on whose crop the model will be used as a pest management decision aid. Unfortunately, both the high variation inherent in potato yields and logistical constraints associated with obtaining and verifying a range of defoliation levels sufficiently broad and adequately replicated to provide an adequate data set are likely to preclude the development of a rdatively simple, biologically realistic, robust statistical model describing the effects of defoliation on tuber yields. Therefore, until this situation is resolved, perhaps by an alternative modeling approach, the selection of the most appropriate model to use in a given situation must depend on a subjective weighting of economic consequences and risk factors llssociated with various pest management decision criteria and options.
